Herpesviruses exist in two states, latency and a lytic productive cycle. Here we identify an immediate-early gene encoded by Kaposi's sarcoma-associated herpesvirus (KSHV)͞human herpesvirus eight (HHV8) that activates lytic cycle gene expression from the latent viral genome. The gene is a homologue of Rta, a transcriptional activator encoded by Epstein-Barr virus (EBV). KSHV͞Rta activated KSHV early lytic genes, including virus-encoded interleukin 6 and polyadenylated nuclear RNA, and a late gene, small viral capsid antigen. In cells dually infected with Epstein-Barr virus and KSHV, each Rta activated only autologous lytic cycle genes. Expression of viral cytokines under control of the KSHV͞Rta gene is likely to contribute to the pathogenesis of KSHVassociated diseases.
The recently discovered gamma-herpesvirus, Kaposi's sarcoma associated herpes virus (KSHV) or human herpesvirus eight (HHV8), can be cultivated in vitro in human B cell lines derived from primary effusion lymphomas (PEL) (1) (2) (3) (4) . In these cell lines the virus is predominantly in a latent state, but lytic gene expression can be activated by treatment of the B cells with chemical-inducing agents, such as sodium butyrate or phorbol esters (4) (5) (6) .
The purpose of our experiments was to determine whether a KSHV-encoded gene plays an essential role in this transition between latency and productive infection. Among gammaherpesviruses, the mechanism of the latency to lytic cycle switch has been studied most intensively in cultured B cells infected with Epstein-Barr virus (EBV) (7, 8) . In this system the viral immediate early gene product variably known as ZEBRA, Zta, or EB1, which contains the EBV BZLF1 ORF, is capable of driving the entire lytic cycle in B cells and in epithelial cells (9) (10) (11) (12) . The product of the BRLF1 gene, called Rta, synergizes with ZEBRA to activate early genes in B cells and activates the lytic cascade in epithelial cells (13) (14) (15) (16) (17) . Other members of the gamma-herpesvirus family, including herpesvirus saimiri (HVS), bovine herpesvirus 4, and equine herpesvirus 2, contain well-conserved homologues of the Rta protein (18) (19) (20) . Some of these proteins have been shown to act as transcriptional activators by using reporter gene constructs, but their role in the viral life cycle has not been elucidated. Homologues of EBV BZLF1 have not been found in other members of the gamma-herpesvirus family.
MATERIALS AND METHODS
Cell Culture. The studies used five B cell lines derived from primary effusion lymphomas. These were BC-1 (3), D5, a single cell subclone of BC-1 (6), BCBL-1 (4), and two cell lines MH-B2 and HH-B2 established in our laboratory by cocultivation of primary effusion lymphoma pleural fluid cells with gamma-irradiated primary human peripheral blood mononuclear cells. BC-1 and D5 are dually infected with KSHV and EBV. All the other cell lines contain only KSHV. Cells were grown in RPMI 1640 medium supplemented with 15% fetal bovine serum at 37°C in the presence of 5% CO 2 ͞95% air.
Cloning of KSHV͞Rta and KSHV͞K8 Genomic DNA. Total cellular DNA was harvested from BC-1 cells, partially digested with Sau3A, and ligated with the cosmid vector SuperCos-1 (Stratagene). The library was screened by using as probes two PCR fragments of the KSHV genome originally discovered by the representational difference analysis technique (1) . Through genomic walking, 89 KSHV-specific clones were identified. The ends of these clones were sequenced. A 7-kb region of the cosmid containing the Rta gene was sequenced by primer walking without subcloning. The sequence was deposited in the GenBank database on Sept. 19, 1996 , with accession no. U71368. The genomic DNA containing the KSHV͞Rta gene was amplified from total BC-1 cell DNA by PCR by using primer A (5Ј-CGCGGATCCACAAAAATG-GCGCAAGATGACAAGG-3Ј) and primer B (5Ј-CGAAT-TCTGTAGGTTAACTCCACTTTGCACC-3Ј) (see Fig. 1 ). These PCR fragments were cloned into the pcDNA3.1 expression vector (Invitrogen) and designated as KSHV͞gRta. Primer A and primer B were used to generate PCR products from total BC-1 DNA in a separate reaction. These PCR products were cloned in pRTS15, another eukaryotic expression vector containing the simian virus 40 promoter (kind gift of S. D. Hayward, Johns Hopkins University, Baltimore, MD). One cloned PCR product from this reaction designated KSHV͞gRTAmut contained mutations at amino acids 132 and 133 and a stop codon at amino acid 134.
Genomic DNA containing the KSHV͞K8 ORF was amplified by PCR by using primer C (5Ј-CCACCATGGCCA-GAATGAAGGACATACCTACTAAG-3Ј) and primer D (5Ј-GGTTTTGTGTTACACTATGTAGGG-3Ј) and cloned into pcDNA3.1.
Cloning of a Predicted KSHV͞Rta cDNA. Based on positional analogies with EBV and HVS, a splicing event was predicted to occur upstream of ORF 50 in the genomic
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© 1998 by The National Academy of Sciences 0027-8424͞98͞9510866-6$2.00͞0 PNAS is available online at www.pnas.org. sequence. Canonical splice donor and splice acceptor sequences were identified at nucleotides 71764 and 72570, respectively (see Fig. 1 ). To clone this predicted cDNA, total cellular RNA was harvested from BCBL-1 cells 18 h after treatment with 20 ng͞ml 12-O-tetradecanoylphorbol 13-acetate (TPA). Poly(A) ϩ RNAs were selected by using the PolyATtract mRNA isolation system (Promega). An Rtaspecific cDNA was generated by reverse transcription-PCR by using primers A and B (see Fig. 1 ). The Rta cDNA was sequenced directly as a PCR fragment. (The GenBank accession no. is U71367.) The cDNA was cloned into pcDNA3.1 vector.
Cloning of a Full-Length KSHV͞Rta cDNA. A full-length cDNA was generated by using a PCR-based cDNA amplification strategy. Polyadenylated RNA was isolated from BC-1 cells that had been treated with N-butyrate for 4 h. Doublestranded cDNA was synthesized with avian meyloblastosis virus reverse transcriptase and cDNA synthesis primer [a modified lock-docking oligo(dT) primer; CLONTECH]. After ligating the cDNAs with an adaptor, the 5Ј and 3Ј portions were obtained by using the Marathon cDNA amplification kit (CLONTECH). Nested primers designed to clone the KSHV͞ Rta transcript were primer 1 (5Ј-CGACACCTGGTAC-CTCTTTGGG-3Ј, 74184-74205); primer 2 (5Ј-CATGTT-TCAGGGCCCGCT TCGTCTA ACA-3Ј, 74358 -74331); primer 3 (5Ј-ATGCGCAGAGGCATCCCAAGGCATTAT-T-3Ј, 72859-72886) and primer 4 (5Ј-CAGCCCGGCGGTA-TCGTACGTGTTGTAG-3Ј, 73117-73090). To obtain the 5Ј-rapid amplification of cDNA ends (RACE) fragment of the transcript, the cDNA pool was amplified first with primer 2 and AP1 from the Marathon cDNA kit. The PCR products were then amplified with primer 4 and AP2 from the kit. Similarly, the 3Ј portion was obtained through two PCRs with primer 3 and AP1 in the first and primer 1 and AP2 in the second reaction. A 0.6-kb and a 2.0-kb DNA fragment were obtained in the 5Ј and 3Ј RACE reactions, respectively. The central portion was generated by PCR with primers 2 and 3. These three PCR products were cloned into a T͞A-type PCR cloning vector, pCR2.1 (Clontech) and sequenced.
DNA Sequence Analysis. The DNA sequences of cosmids and PCR products were determined by primer walking with an automatic sequencer. DNA sequence data was compiled and analyzed by using GELASSEMBLE, BLAST, FRAMES, BESTFIT, and GAP of Wisconsin sequence analysis package GCG, version 8 (Genetics Computer Group, Madison, WI).
Transfection. PEL B cell lines were transfected with 10 g of plasmids containing KSHV͞Rta or other sequences by the electrophoration method (Bio-Rad). The efficiency of transfection was measured by determining the percentage of cells expressing green fluorescent protein (GFP). The gene for enhanced GFP in the plasmid pEGFP-C (CLONTECH) was under the control of the cytomegalovirus immediate early promoter, the same promoter controlling the expression of KSHV͞Rta on the pcDNA3 plasmid. Plasmid pEGFP-C was transfected into PEL B cells with or without pcDNA3͞KSHV͞ Rta. After 48 h, the percentage of cells positive for green fluorescence was counted. The presence of pcDNA3͞KSHV͞ Rta did not affect the percentage of cells expressing GFP. Five to eight percent of the electrophorated cells expressed transfected DNA.
RNA Analysis. Total cellular RNA and Northern blots were prepared as described (21, 22) . The blots were hybridized with probes specific for KSHV ORF 50, viral interleukin 6 (IL-6), polyadenylated nuclear RNA (PAN RNA), K8 and small viral capsid antigen (sVCA), EBV BMRF1, and the H1 component of RNase P (23) . A complete description of the probes is 
RESULTS
Cloning the KSHV͞Rta Gene and a Predicted cDNA. We identified the KSHV homologue of the Rta gene in clones of a cosmid library of genomic DNA from BC-1 cells, a PEL B cell line that is dually infected with KSHV and EBV (3, 21) . The major coding portion of the KSHV͞Rta gene was present in ORF 50 of the KSHV genome (Fig. 1A) (24) . Based on positional analogies with EBV and HVS and conserved mRNA processing events that remove sequences equivalent to KSHV ORF 49 (11), we deduced that the initiator methionine might be present in a small exon upstream of ORF 50 (Fig. 1B) . A partial cDNA corresponding to this prediction was isolated from a cDNA pool prepared 18 h after lytic cycle induction. This splicing event introduced a new initiator methionine and an additional 60 aa to the N terminus of ORF 50. We confirmed that this splicing event was a regular feature of KSHV͞Rta transcription because 5Ј-RACE generated a homogeneous product containing the predicted splicing event. The 5Ј end of this product was at nucleotide position 71513; thus there are 83 nucleotides of 5Ј-untranslated mRNA before the start of the KSHV͞Rta ORF.
According to the amino acid sequence predicted from the cDNA, KSHV͞Rta is 691 aa in length. The strongest homology of KSHV͞Rta with corresponding genes in other gammaherpesviruses is found in aa 103-202 of KSHV͞Rta, a region that would lie within the known DNA binding and dimerization region of the EBV Rta protein (Fig. 1C) . In this region there is 24% identity between KSHV͞Rta and EBV͞Rta, with no gaps. Over the whole protein the identity is 22% with gaps. Downstream of ORF50 in the KSHV genome is an ORF K8 with weak homology (22% identity with gaps) to the EBV BZLF1 ORF.
Transcription of KSHV͞Rta. Fig. 2 shows that KSHV͞Rta was transcribed after treatment of three PEL B cell lines with inducing chemicals. The extent of expression of three KSHV͞ Rta transcripts of 4.0, 3.6, and 3.2 kb in response to chemical induction was characteristic of each cell line. In the EBVnegative cell line HH-B2 these transcripts were strongly induced by either TPA or butyrate; in the EBV-negative MH-B2 cell line they were only weakly induced by TPA, and the 4.0-and 3.2-kb transcripts were not evident (Fig. 2 A) . In EBVpositive cell line BC-1 the Rta transcripts were induced by N-butyrate (Fig. 2B) but not by TPA (data not shown).
The most abundant transcript of 3.6 kb was resistant to inhibition by cyclohexamide (Fig. 2C) . Because this mRNA does not require de novo protein synthesis, KSHV͞Rta is an immediate early gene. Preliminary data (S-F.L. and Y.Y., unpublished data) indicates that this 3.6-kb mRNA represents a multiply spliced bicistronic mRNA containing ORF 50 and K8. The two exons of KSHV͞Rta are illustrated in Fig. 1B ; in addition, there are several splicing events involving K8 and downstream sequences.
Other KSHV encoded lytic cycle transcripts, for example the virally encoded IL-6 and the abundant PAN RNA, were also induced by chemicals (21, (25) (26) (27) (Fig. 2 A and B) . PAN RNA is an abundant transcript colocalized in the nucleus with Sm antigen, a component of the mRNA splicing apparatus (28) (29) (30) . PAN RNA does not appear to encode protein. On the basis of their sensitivity to cyclohexamide, kinetics of expression, and resistance to inhibitors of viral DNA synthesis, viral IL-6 and PAN RNA were classified as viral early genes (data not shown). The extent of induction of PAN RNA and viral IL-6 mRNA by chemical stimuli was parallel to the extent of induction of KSHV͞Rta (Fig. 2 A) . There was a strong response of both KSHV͞Rta and KSHV͞IL-6 in HH-B2 cells and a weak response of the two genes in MH-B2 cells.
We examined the kinetics of induction of lytic cycle mRNAs (Fig. 2B) . In three replicate experiments, KSHV͞Rta mRNA (8, 10, 12) . RNA prepared at the times indicated after transfection was analyzed by Northern blotting by using probes specific for PAN RNA and the H1 component of RNase P. (B) KSHV͞Rta stimulates expression of KSHV͞K8 and KSHV͞sVCA (ORF 65). The analysis of KSHV͞K8 was carried out in BC-1 cells; RNA was harvested 48 h after transfection. The analysis of KSHV͞sVCA was carried out in BCBL-1 cells; the RNA was prepared 96 h after transfection. (C) KSHV͞Rta cDNA activates expression of viral IL-6. BC-1 cells were transfected with plasmids containing KSHV͞Rta in the genomic configuration (g), in the cDNA configuration (c), in the genomic configuration in the reverse orientation (rev), or in the genomic configuration with a stop codon mutation (mut). The expression plasmids pRTS and pcDNA3.1 were used as negative controls. RNA prepared 24 h after transfection was analyzed by Northern blotting with probes specific for viral IL-6, PAN RNA and RNase P. Proc. Natl. Acad. Sci. USA 95 (1998) 10869 was stimulated 2.2-to 6.0-fold by 4 h after N-butyrate treatment at a time when KSHV͞IL-6 mRNA and KSHV͞K8 mRNA remained at uninduced baseline levels. These results suggested that viral IL-6 and K8 were kinetically downstream of KSHV͞ Rta. Activation of KSHV Lytic Gene Expression by KSHV͞Rta. To explore the hypothesis that KSHV͞Rta might be a lytic cycle activator expression plasmids containing the KSHV͞Rta gene were transfected into cultured PEL B cell lines. The effect on expression of KSHV lytic cycle genes was monitored by Northern blot analysis and quantitated by phosphorimaging. Expression of PAN RNA was progressively stimulated following transfection of BC-1 cells with KSHV͞Rta (Fig. 3A) . The peak stimulation of PAN RNA was 9-fold 36 h after transfection of KSHV͞Rta (Fig. 3A) . Activation of expression of PAN RNA as a marker for early lytic gene expression was proportional to the input dose of KSHV͞Rta expression plasmid. In EBV-negative HH-B2 cells transfected with 0.1, 1.0, and 10 g of KSHV͞Rta the stimulation of PAN RNA was 4.7-, 22-, and 53-fold when measured 24 h after transfection (Fig. 3D) . The extent of induction reflected KSHV͞Rta activity in the 5-8% of the cells which were determined to express transfected DNA by using plasmids encoding a green fluorescent protein marker. KSHV͞Rta also induced expression of several other early genes including KSHV͞K8 gene (Fig. 3B ), KSHV͞IL-6 (Fig. 3C) , and KSHV͞MIP-II (ORF K4) (data not shown).
KSHV encoded sVCA, a late gene encoded in ORF 65, was also induced following transfection of KSHV͞Rta (Fig. 3B) . In an immunofluorescence assay, KSHV͞Rta caused a 3.2-fold increase in the number of cells expressing sVCA. Correcting for transfection efficiency we estimated that about 20% of cells that received KSHV͞Rta expressed this KSHV late viral protein. Because expression of sVCA protein is dependent on lytic viral DNA replication (22) , KSHV͞Rta may be sufficient to drive the lytic cycle through DNA replication into late gene expression.
Both genomic and cDNA constructs containing KSHV͞Rta were comparably active in stimulating expression of viral IL-6 and PAN RNA. Plasmids containing KSHV͞Rta in the reverse orientation relative to the cytomegalovirus immediate early promoter were inactive at stimulation of viral IL-6 or sVCA (Fig. 3C, Fig. 4 and data not shown). A construct containing a stop codon at KSHV͞Rta aa 134 was likewise inactive at stimulation of expression of PAN RNA and viral IL-6 mRNA (Fig. 3C) .
Comparable amounts of a plasmid containing KSHV͞K8 did not induce expression of PAN RNA (Fig. 3A) or viral IL-6 (data not shown), nor did KSHV͞K8 synergize with KSHV͞ Rta in induction of PAN RNA or viral IL-6 mRNA (data not shown).
Specificity of Activation of KSHV and EBV. The availability of BC-l, a PEL line dually infected with both KSHV and EBV, offered a unique system in which to explore a question that, to our knowledge, has not before been examined experimentally, namely the specificity of the reactivation pathway controlled by the lytic cycle switch genes of the two gamma-herpesviruses (6) . Following transfection of BC-1 cells, KSHV͞Rta stimulated expression of KSHV͞IL-6 but did not alter expression of the EBV BMRF1 gene, a marker for early EBV lytic cycle gene expression (Fig. 4) . By comparison, both EBV͞Z and EBV͞ Rta activated expression of EBV BMRF1 without altering expression of KSHV͞IL-6. In the BCBL-l PEL line infected only with KSHV, neither EBV͞Rta nor EBV͞Z activated KSHV genes (data not shown). Thus each early lytic cycle activator specifically stimulated expression of its autologous virus.
DISCUSSION
A viral gene, Rta, that has homologues among other gammaherpesviruses, activates lytic cycle gene expression in KSHV.
Based on what is known about the homologues in EBV and HVS, viral proteins of this group are likely to act as transcriptional activators (11, 13, 19, 31, 32) . These proteins are known to bind DNA specifically, but they may also interact with DNA via other proteins (33) . The gamma-herpesvirus Rta proteins appear to be unique: the region involved in DNA binding do not contain any well-characterized DNA binding motifs and the Rta proteins are not homologues of any known cellular transcriptional activators. Therefore, they may be attractive targets for antiviral therapy.
KSHV͞Rta is a potent activator. When transfected into three different PEL B cell lines it caused a 3.7-to 53-fold increase in expression of PAN RNA, a 2.0-to 3.4-fold increase in abundance of the mRNA for viral IL-6, and a similar increase in the number of cells expressing capsid antigens. Because only 5-8% of the cells were transfected, the effects of KSHV͞Rta were comparable to treatment with inducing chemicals that affect all of the cells. Downstream genes of both early and late kinetic class were activated by KSHV͞Rta. However, it is not yet clear whether transfection of KSHV͞Rta can lead to increased viral DNA synthesis or viral particle formation. Recent work has shown that EBV͞Rta can activate the EBV lytic cascade in epithelial cells (17) , and we find that it also disrupts latency in several B lymphoid cell lines (42) . Thus, Rta homologues can activate lytic cycle gene expression of both subfamilies of gamma-herpesviruses that are latent in lymphoid cells. This functional homology is consistent with conservation of Rta sequences and localization in the genome (Fig. 1) .
Among the downstream targets of KSHV͞Rta action are virally encoded cytokines and chemokines such as IL-6 and macrophage inflammatory proteins (MIPs). In a companion study of Kaposi's sarcoma biopsies that used in situ hybridization KSHV͞Rta, KSHV͞IL-6, MIPs, PAN RNA, and sVCA have all been found to be expressed in Ϸ1-5% of Kaposi's sarcoma tumor cells (refs. 27 and 34, and our unpublished results). Thus these genes are expressed to high level in vivo only in cells that have undergone a latent to lytic switch.
Proinflammatory cytokines have long been considered to be essential components of the pathogenesis of KSHV-associated diseases such as Kaposi's sarcoma, multicentric Castleman's disease, primary effusion lymphoma, and multiple myeloma (35) (36) (37) (38) (39) (40) (41) . Our findings provoke a scenario for pathogenesis by KSHV in which lytic cycle activation and accompanying expression of viral proinflammatory cytokines is a pivotal event.
Thus an appreciation of the mechanism of control of the viral lytic cycle by KSHV͞Rta would appear to be necessary for unraveling the complex pathogenesis of KSHV-associated diseases.
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